Cerebral malaria (CM) is a major cause of death of Plasmodium falciparum infection. Misdiagnosis of CM often leads to treatment delay and mortality. Conventional brain imaging technologies are rarely applicable in endemic areas. Here we address the unmet need for a simple, non-invasive imaging methodology for early diagnosis of CM. This study presents the diagnostic and therapeutic monitoring using liposomes containing the FDA-approved fluorescent dye indocyanine green (ICG) in a CM murine model. Increased emission intensity of liposomal ICG was demonstrated in comparison with free ICG. The Liposomal ICG's emission was greater in the brains of the infected mice compared to naïve mice and drug treated mice (where CM was prevented). Histological analyses suggest that the accumulation of liposomal ICG in the cerebral vasculature is due to extensive uptake mediated by activated phagocytes. Overall, liposomal ICG offers a valuable diagnostic tool and a biomarker for effectiveness of CM treatment, as well as other diseases that involve inflammation and blood vessel occlusion.
Introduction
Malaria is a devastating infectious disease caused by a protozoan of the genus Plasmodium. Approximately half of the world's population is at risk of malaria. In 2013 there were about 198 million cases of malaria and an estimated 584,000 deaths, mostly among African children [1] . Cerebral malaria (CM), a diffuse encephalopathy caused by Plasmodium falciparum is a severe neurological manifestation of malaria, characterized by fever, impaired consciousness and coma. It is associated with a 15-30% of malaria deaths [2] . Surviving patients have an increased risk of neurological and cognitive deficits, making CM a leading cause of childhood neurodisability in Sub-Saharan Africa [3, 4] . CM is diagnosed by detection of P. falciparum in blood smears, fever and neurological dysfunction. However, CM may occur when parasitemia is too low to detect [5] and the symptoms may resemble those of other diseases [6] ; therefore, misdiagnosis is common [6] .
Various conventional imaging methodologies, including magnetic resonance imaging (MRI) [7] [8] [9] [10] , computed tomography [9] , and positron emission tomography (PET) [11] were suggested for CM diagnosis. Yet, these methods were only partially discriminative, and obviously just a few MRI and PET units (expensive and technically complicated) are available in endemic areas [8] . More recently, optical imaging methodologies have been developed for simple, safe and sensitive diagnosis and monitoring of tumors and other diseases [12, 13] . Optical imaging of
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International Publisher the eye fundus has also been suggested as a diagnostic tool for CM-related retinopathy in humans [14] . In mouse models (experimental cerebral malaria, ECM), optical imaging has been used to study the pathophysiology by infection with transgenic P. berghei expressing luciferase [15] [16] [17] and intravital microscopy [18] [19] [20] [21] [22] . In this study we evaluated near infrared (NIR) imaging and liposomes containing non-covalently bound indocyanine green (ICG), as a tool for diagnosis and monitoring of CM therapy. NIR is characterized by relatively deep tissue penetration and high signal to noise ratio, due to the low autofluorescence and absorbance in its wavelength range [12, 23] . ICG, a water soluble tricarbocyanine dye is the only US Food and Drug Administration (FDA)-and European Medicines Agency-approved NIR molecule [24] . ICG is widely used in the clinic for determination of cardiac output, hepatic function and liver blood flow, inspection of retinal and choroidal vessels [25] , and diagnosis of burn depth [26] . We have previously described the advantages of a formulation in which ICG is passively adsorbed by liposomes over free ICG [27, 28] . The ICG-liposomes are expected to be uptaken by vascular and perivascular activated phagocytes that are prominent in cerebral malaria [19, 29, 30] . In the current work we show that ICG-liposomes accumulate in brains of mice depicting CM and provide a convenient mean of CM diagnosis. A reference drug, artemisone, which is effective against ECM [31] , diminished the fluorescence of ICG-liposomes in the brains of infected mice, highlighting the potential of liposomal ICG for therapeutic monitoring. The experimental methodology was also used to evaluate CM mechanism: ICG-liposomes accumulated in infected mice brains due to preferable uptake by activated phagocytes and modified pharmacokinetics; aspects relevant to induction of CM and treatment.
Experimental section

Materials
Phospholipon S75 and PE 18:0/18:0-polyethylene glycol (PEG) 2000 (N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-di stearoyl-sn-glycero-3-phosphoethanolamine, sodium salt) were purchased from Lipoid (Ludwigshafen, Germany).
18:1 Liss Rhod PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(l issamine rhodamine B sulfonyl) (ammonium salt) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,USA). ICG was purchased from Acros Organics (Geel, Belgium). Artemisone was donated by Cipla LTD (Mumbai, India). Cell culture reagents were from Biological Industries (Beit Haemek, Israel). Rabbit anti mouse Iba1 was purchased from Wako (Richmond.
VA, USA), rat anti mouse CD31 was from Dianova GmbH (Hamburg, Germany), goat anti rat Alexa 488 antibody was from Molecular Probes (Eugene, OR, USA), goat anti rabbit Alexa 647 antibody was from Jackson ImmunoResearch (Baltimore Pike, PA, USA). 4',6-Diamidino-2-phenylindole (DAPI) was from Vector Laboratories (Burlingame, CA, USA). All other reagents were purchased from Sigma-Aldrich (Rehovot, Israel).
Cell culture
RAW 264.7 cells (from Dr. Boaz Tirosh, The Hebrew University) were grown in RPMI 1640 medium supplemented with 10 % fetal bovine serum, L-glutamine (2 mM), sodium pyruvate (1 mM), non-essential amino acids, penicillin (100 Units/mL), and streptomycin (100 μg/mL).
Parasites
Plasmodium berghei ANKA (PbA) strain (MRA-311, CDC, Atlanta, GA, USA) was maintained in vivo by serial transfer of parasitized erythrocytes from infective to naive mice. To avoid loss of virulence, infection was renewed every three months by using frozen stabilates. Parasites that were continuously passed in mice for about a year were used as a control less-virulent strain that did not induce CM (but still caused severe anemic malaria).
Animals
The animal study protocol was approved by the Hebrew University Institutional Animal Care and Use Committee (protocol No. MD-12-13183-5) and the procedures followed were in accordance with institutional guidelines. Male C67 Black mice (7-8 week old) were purchased from Harlan Laboratories (Rehovot, Israel). The mice had free access to a standard diet and water, and they were maintained on a 12/12-h automatically timed light/dark cycle.
Liposome preparation, ICG binding and characterization
Liposomes from Phospholipon S75 were prepared by extrusion method. Briefly, Phospholipon S75 (270 mg) and cholesterol (30 mg) were solubilized in methanol-chloroform solution (10 mL; 1:1). The solvent was evaporated by rotary evaporator Rotavapor Buchi, R 114 (Flawil, Switzerland) at 40 o C. The lipid film was hydrated by sucrose phosphate buffer (5 mL; pH 7, 2 mM, and sucrose 9.3 % w/w) and mixed by magnetic stirring under argon. The dispersion was extruded 20 times by Avanti Polar Lipids syringe extruder (Alabaster, AL, USA) through 100 nm membrane. Rhodamine B-labeled or PEGylated liposomes were prepared similarly with minor modifications. For rhodamine B-labeled liposomes, 18:1 Liss Rhod PE (0.7 mg) in chloroform (700 µL) was added to lipids solubilized in methanol-chloroform solvent. To produce PEGylated liposomes, PE 18:0/18:0-PEG 2000 (50 mg) was added to a mixture of dry lipids. For ICG binding, ICG solution in double distilled water (6 mM, 1/6) was added to the liposomal dispersion and mixed at 4 o C. The liposome size and zeta potential was measured by Zetasizer Nano-S (Malvern, UK) in sucrose phosphate buffer (pH 7, 2mM, and sucrose 9.3% w/w). Free ICG solution was prepared similarly in sucrose phosphate buffer.
The liposome morphology was viewed by transmission electron microscope Tecnai T12 G2 Spirit (Cryo-TEM) (FEI, Hillsboro, Oregon, USA). ICG-liposomes were diluted to 1% w/w and prepared as described previously [27] .
Induction of CM
The validity of the CM model in mice has been demonstrated previously [32, 33] . Mice were infected with 80,000 parasitized erythrocytes (leads to CM in the majority of cases, above 90%). Parasitemia was monitored every other day by blood smears prepared from tail vain, stained with Giemsa and examined by light microscopy. Mice were monitored for clinical signs of neuropathology that appear a few days before death of CM (coat staring, hunching, wobbly gait etc.) [31] . Mice that developed further neurological symptoms such as ataxia, paralysis and coma, drastic weight reduction and body temperature of 34 o C or below, followed by death when parasitemia was below 20%, were considered to have died of CM. Death occurred at day 8-9 post infection. This assumption was confirmed by brain histological sections [30, 34] . Mice which did not die of CM died of severe anemia related to high parasitemia, one to two weeks later [35] .
In vivo imaging
Mice were shaved under isoflurane (1-2%, v/v) anesthesia and underwent baseline scan using an IVIS Kinetic in vivo imaging system (Caliper Life Sciences, Hopkinton, MA, USA). Two hundred µL of ICG-liposomes or the free compound (8 mg/kg) in sucrose buffer (2 mM phosphate buffer pH 7.0, with 9.3 % sucrose) were injected into the tail vein and the mice were repetitively scanned. Image analysis was performed using Living Image (Caliper Life Sciences, Hopkinton, MA, USA).
Ex vivo imaging
Mice were sacrificed four hours post injection unless otherwise stated. Cardiac blood was collected in heparinized 96-well plates and tissues were harvested. Along the collection procedure, tissue and blood samples were protected from light and kept on ice. Immediately thereafter, blood and tissues were scanned by Typhoon FLA 9500 biomolecular imager. Image analysis was performed by the NIH's open source software Image J.
Effect of anti-malarial treatment on imaging
Artemisone was dissolved in DMSO (1.25 mg/mL). Mice were treated with of artemisone solution (2.5 mg/kg, injected intraperitoneally) two times a day, seven hours apart or with DMSO (40 µL), on days 3 to 5 post infection. Six days post infection, the mice were injected with ICG-liposomes (200 µL, 8 mg/kg, intraperitoneally). Mice were imaged by IVIS (n=5 for each group).
PEGylated vs non PEGylated liposomes
Naïve mice (n=5) and infected mice (n= 6) were injected with ICG-liposomes; naïve mice (n=6) and infected mice (n=7) were injected with PEG-ICG-liposomes as indicated above. Mice were sacrificed 4 hours post injection. Organs were harvested and examined as described above.
Histology studies
Naïve or infected mice were injected intravenously with ICG-rhodamine liposomes (n=3). Four hours after the injection the mice were deeply anaesthetized using pentobarbital sodium and perfused trans-cardially with cold phosphate buffered saline (PBS, pH 7.4), followed by chilled paraformaldehyde (PFA; 4%) in PBS. The brains were removed, post fixed overnight in PFA (4%) in PBS at 4°C, immersed for seven days in 30% sucrose in PBS for cryoprotection, and stored at -80°C until processed.
Serial coronal sections (10 μm) of the brains were cut in a cryostat. Series of slides, containing four brain sections each (Bregma -1.5, -1.7, -1.8 and -1.9 mm), were prepared. The sections were incubated with blocking solution (bovine serum albumin -BSA 5% and goat serum 5% in PBS) at room temperature for one hour, and then incubated with the primary antibodies, rabbit anti mouse Iba1 (1:100) and rat anti mouse CD31 (1:30) in blocking solution, overnight at 4°C. The sections were washed three times with PBS, co-incubated for one hour at room temperature with corresponding secondary antibodies conjugated to Alexa 488 (1:100) and Alexa 647 (1:150) dyes in PBS, and covered with DAPI-containing mounting medium. Images were captured by Fluorview fv10i laser scanning Olympus confocal microscope (Tokyo, Japan). Image processing was performed by built in FV10-ASW 2.0 viewer (Olympus Tokyo, Japan) Uptake studies RAW 264.7 cells (40,000) were seeded in 96-well plates. After 24 hours, at different time points ICG-rhodamine liposomes (40 µg/well) were added. 22 hours later cells were washed three times with ice cold PBS and emission was measured by Typhoon FLA 9500 biomolecular imager (GE Healthcare Life Sciences, Piscataway Township, NJ, USA).
Monocyte migration studies
Utilization of RAW 264.7 cells for targeting inflammation in the mouse brain has been previously demonstrated [36] . Similarly, RAW 246.7 cells were seeded in 25 cm 2 flasks (5 x 10 5 cells/flask). Forty eight hours later the cells were incubated overnight with ICG-rhodamine liposomes (1.3 mg/mL; total 8 mg liposomes/flask). At the end of the incubation, the cells were washed three times with PBS, scraped from the plate and counted. Ninety five percent viability was determined by trypan blue exclusion. Cells labeled with ICG-liposomes (non-PEGylated; 5 x 10 6 ) were injected into the tail vein of naïve (n=4) or infected mice (n=6), six days post infection. Organs were harvested and examined as described above.
Statistical analysis
The Mann Whitney test or the Kruskal-Wallis test followed by Dunn's post-test, as appropriate, was used for comparisons of sequential variables (InStat; GraphPad, La Jolla, CA, USA). Results are reported as mean ± standard deviation, unless otherwise indicated. P value ≤ 0.05 was considered significant.
Results
ICG liposome kinetics in vivo and in vitro
Liposomes were prepared by extrusion method and its size and zeta potential were characterized by dynamic light scattering. The liposome size was about 200 nm and 155 nm in the absence and the presence of rhodamine B, respectively, and the mean zeta potential ranged between -20 and -32 mV (Table 1 ). The size measured by zeta sizer was in good correlation with Cryo-TEM results (Supplementary Material: Figure  S1 ).
Free ICG or ICG-liposomes were injected to C57Black male naïve mice. Mice were screened by an in vivo imaging system (IVIS) (Figure 1 ). ICG's whole body and cerebral emission intensity was greater for liposomal than free ICG ( Figure 1A, B) . As a quantitative parameter of ICG's cerebral exposure we used the net (brain-ear) area under the emission intensity-time curve from 0.2 hours to 3.0 hours after injection (AUC9-180 min brain-ear ). The AUC values were 10×10 9 and 4.4×10 9 minutes photons -1 second -1 steradian -1 microwatt -1 (min p s -1 sr -1 mW -1 ) in ICG treated mice, versus 12.7×10 9 , 15.1×10 9 , and 14.1×10 9 Figure 1C) . These results indicate the advantage of using ICG-liposomes for in vivo optical imaging.
Relationship of emission intensity and day post infection
Organ emission intensity of PbA-infected mice was evaluated as a function of the day post infection (Figure 2 ). ICG-liposomes were injected to naïve and infected mice that were sacrificed four hours later. The organs were harvested and ex vivo imaged. Whereas the blood intensity was persistent throughout the experiment, the brain emission intensity ratio on days six and seven was significantly higher, compared to the previous days. Increased emission intensity was also observed in the liver and kidneys towards the latest stage of CM (Figure 2A ). These finding are in correlation with the pathological changes characteristic of these organs at a late stage of infection [37] .
Based on these findings, mice that developed CM were compared for relative emission intensity with malaria-infected mice that did not develop CM. In contrast to the profound brain emission intensity in mice with CM ( Figure 2B ), in infected mice that did not develop CM, the emission intensity was similar to that of naïve controls ( Figure 2C ). Liver and kidney emission was significantly increased in mice demonstrating CM or anemic malaria compared to naïve mice. 
Therapeutic monitoring
ICG-liposome fluorescence was evaluated as a marker for monitoring therapy effectiveness. Artemisone was chosen as a reference anti-malarial drug, capable of preventing CM [31] . The mice treated with the vehicle presented early signs of CM, ruffled coat and hunching. In contrast, the artemisone-treated mice did not develop these typical neurological symptoms and in their blood smears there were no detectable parasites. Imaging with ICG-liposomes revealed high emission intensity in the brains of control infected mice compared to the drug-treated mice ( Figure 3A,B) . Accordingly, the AUC values of untreated mice were higher compared to those of the treated mice (n=5 for each group) ( Figure 3C ). 
Role of phagocytes in accumulation of liposomes in CM
Histology and immunohistochemistry
The localization of the ICG-liposomes within the brain tissue was evaluated by confocal microscopy ( Figure 4) . Brains of PbA-infected mice depicted by vessels occluded by phagocytes, as shown by co-localization of the monocyte marker Iba1 and the endothelial marker CD31 (Figure 4B,F) . In addition, activated phagocytes with amoeboid-like appearance were extensively stained with Iba1 ( Figure 4B,D,F) . Rhodamine B-associated fluorescence was seen in monocytes ( Figure 4B ), in perivascular phagocytes ( Figure 4D,F) , and, to a lesser extent, in proximity to endothelial cells (Supplementary Material: Figure S2 ).
The rhodamine B fluorescence and pathologic findings were not seen in the corresponding brain regions of naïve mice ( Figure 4A,C,E) . Similar findings were observed in other areas of the brain of the sick mice (data not shown).
In vitro uptake of dually labeled liposomes by phagocytic cells
Liposome uptake was characterized in vitro using the murine monocyte cell line RAW 264.7. Cells were incubated with liposomes dually labeled by covalently bound rhodamine B and by passively adsorbed ICG. The emission intensity of both fluorescent markers was measured by a biomolecular imager. Liposomes were rapidly uptaken by the cells and achieving saturation at approximately 4 hours (Supplementary Material: Figure S3 ). The uptake profile was similar for both markers.
Monocyte migration
In order to understand whether the labeled liposomes are carried by peripheral monocytes towards the inflamed brain, we used liposome-loaded RAW 246.7 cells. The cells were injected into the tail vein of naïve and PbA-infected mice six days post infection. Four hours after liposome injection the mice were sacrificed and brains were ex vivo imaged. The emission intensity was higher in the infected mice than in controls in all tissues except for the kidneys ( Figure  5A ). The results suggest increased migration of phagocytes to affected organs.
The effect of liposome PEGylation on imaging outcome
To further study the mechanism of ICG-liposome accumulation in the brain, PEGylated (PEG-ICG-liposomes) or non-PEGylated liposomes (ICG-liposomes) were injected to naïve and infected mice. Non-PEGylated liposomes, unlike PEGylated ones enable distinguishment of CM using ICG emission. The differences that were observed in the brains were not detected in the blood of infected and naïve mice ( Figure 5B ). Hence, PEGylation interferes with CM detection.
Discussion
Pathophysiologic changes characteristic of CM include disruption of the blood-brain barrier (BBB) [37, 38] and reduced cerebral blood flow due to occlusion by parasitized erythrocytes, various leucocytes and platelets. These add to inflammatory responses mediated by different endothelial cell surface receptors [30, 37, 39, 40] , and increased phagocytic activity within the CNS [19, 29, 30] . We utilized some of these changes to provide a proof of concept for the detectability of CM by NIR imaging of ICG-liposomes. In particular, monocytes are known for their ability to internalize foreign matter, thereby providing an attractive target for liposome-based therapeutic approaches for a variety of clinical conditions [41] .
In experimental models, cerebral complications develop gradually during the first week post infection, in parallel with BBB impairment [42, 43] . A cascade of physiological, biochemical and immunological events is responsible for the increased severity of the cerebral syndrome. Our findings of elevated emission using the ICG-liposomes as a marker for CM, are in correlation with the chronological changes. In man, CM-related clinical deterioration usually develops 3-7 days after fever onset, although there have been rare reports of nonimmune patients dying within 24 hours of developing symptoms [44] . Due to similarity of symptoms in malaria and other diseases [6] patients harboring malaria may be misdiagnosed. CM is diagnosed by the existence of P. falciparum and functional changes. There is no biological test available to confirm human CM [45] . Our results from both the in vivo and ex vivo experiments, in a reliable model of CM [33] , indicate modified pharmacokinetics, higher emission intensity and consequently preferable imaging properties of ICG-liposomes compared to those of free ICG. Similar quantities of ICG as a free marker or adsorbed to the liposomes were injected. However, throughout the in vivo experiment, the resulting emission intensity in the brain was higher in mice injected with the liposomal agent. The difference might be explained by modified clearance of liposomal ICG compared to free ICG, in accordance with increased half life of the liposomal ICG and with the established extended circulation time of liposomal preparations [46] . The emission decline over time might be due to both clearance, and leakage from the liposomes. In addition, the difference in emission in different organs (ex vivo) might be due to increased phagocytosis in these organs, even in naïve mice. This difference intensifies in infected mice ( Figure 2B and Supplementary Material: Figure S4) . The results also demonstrate that liposomal ICG provides an effective indicator for successful treatment of CM, as demonstrated by the higher brain emission intensity in vehicle-treated -compared to artemisone -treated mice.
Histological analyses of the brains were performed to validate the hypothesis that the improved detection is due to extensive phagocytosis. CM lesions are widely spread over the brain. Using liposomal ICG we could demonstrate in representative brain areas of the hippocampus and the cortex, changes characteristic of CM pathology, that were not found in the naïve mice. The vascular sequestration by phagocytes is in line with previously reported findings [19, 29, 30] . The activated phagocytes in proximity of blood vessels might be perivascular macrophages or microglia with amoeboid-like appearance with extensive Iba1 staining that were redistributed towards inflamed blood vessels [29, 47] or perivascular macrophages [19] that share the same antigens. Some liposomes labeled with rhodamine B were clearly associated with monocytes because Iba1 staining was limited to the vascular space. Microglia could interact with ICG-liposomes leaking through compromised blood vessels [37, 38] . The higher uptake of particles by phagocytes during inflammation in contrast with healthy volunteers has been reported previously [48] . The phagocytosis might be enhanced through induction of encoded pattern recognition receptors [49] which mediate phagocytosis [50] . It has been suggested that monocytes migrating to the brain vasculature in infected mice participate in CM induction [22, 51] . As blood monocytes are continuously recruited to sites of inflammation, this homing property might be utilized for theranostics [52] . Similarly, both human and experimental cerebral malaria are associated with recruitment of large number of activated macrophages [19, 53] . This mechanism was exploited as a Trojan horse to deliver drugs and imaging agents to the disease site [52] . The rhodamine B fluorescence observed in association with capillaries may also be representative of blood vessel occlusion or material phagocytized by endothelial cells. All those findings were seen exclusively in infected mice.
To evaluate the possibility of uptake of liposomes by peripheral phagocytes, RAW 264.7 cells loaded with ICG-liposomes were injected to infected mice on day six post infection. The accumulation of the labeled liposomes in the brains of the infected mice support the hypothesis of liposome uptake and transport to the brain, mediated by monocytes. This assumption was further supported by using PEGylated versus non-PEGylated liposomal ICG (the latter is the one used throughout all other experiments) where the non-PEGylated liposomes accumulation in brains of infected mice was more pro-nounced. In general, PEGylation of liposomes decreases phagocytosis [54] in accordance with diminished difference between infected and naïve mice. Besides brain injury, malaria causes multi organ dysfunction [37, 55] . The liver and the spleen are enlarged in both humans and murine models of malaria [37, 56] . Organ enlargement is due to congestion with parasitic pigment (hemozoin) and enhanced recruitment of monocytes and lymphocytes [37] . Hence, the higher emission of ICG-liposomes in both liver and spleen that was observed in our study is likely due to increased phagocyte activity in these organs. Apparently, these changes occur in malaria that is caused by other species of plasmodium as well [57] and therefore only the emission changes in the brain are indicative of CM.
NIR imaging is limited by the depth of signal penetration (normally a few millimeters) [12, 13] . However, because CM is a diffuse brain disease, superficial brain regions or the retina may be monitored by simple devices placed on the patient's head, that are currently being used or evaluated for other CNS-related applications [14, 58] . ICG may be released from the liposomal bilayer and bind to plasma proteins as a function of its membrane/medium partition coefficient [59] . Using more stable liposome formulations may prevent the leakage. Alternatively, more accurate results could be achieved by applying hydrophilic dyes with low non-specific binding and rapid clearance, entrapped in the aqueous compartment of liposomes. Nevertheless, our results using liposomal ICG for CM detection provide a proof of concept for this methodology. In addition, a main advantage of this system is that all its components are FDA-approved for medical application.
Conclusion
Profound accumulation of liposomal ICG in brains of mice depicting CM may provide a new tool for differential diagnosis of CM. The technology could also be valuable for monitoring the efficacy of antimalarial therapy in CM. Increased ICG emission is likely due to uptake of the labeled liposomes by phagocytes through the disrupted BBB that accompanies CM. In addition to the potential of the ICG-liposomes in improving CM diagnosis and therapeutic monitoring, the results support the notion that migrating phagocytes have a role in induction of CM. We expect that the presented approach will be applicable also for other diseases that are characterized by inflammation and blood vessel occlusion.
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